Abstract. Lipopolysaccharide (LPS)-induced keratitis is a progressive infectious ocular disease in which innate inflammatory responses often cause clinical tissue damage and vision loss. The present study aimed to investigate the effects of tacrolimus, an effective immunomodulator, on LPS-induced innate immune responses. The effects of tacrolimus on the apoptotic rate and viability of human corneal epithelial cells (HCECs), polymorphonuclear neutrophils (PMNs) and monocytes (THP-1 cells) were examined using flow cytome try and MTT assays. Subsequently, the role of tacrolimus on LPS-induced inflammation in HCECs, PMNs and THP-1 cells was evaluated by detecting the expression levels of pro-inflammatory cytokines, including interleukin (IL)-1β, IL-6 and matrix metallopeptidase 9; anti-inflammatory cytokines, including IL-10 and transforming growth factor-β; and proangiogenic factors, including vascular endothelial growth factor and tumor necrosis factor-α using quantitative polymerase chain reaction. The results demonstrated that tacrolimus had good biocompatibility with HCECs, while promoting apoptosis and decreasing the viability of PMNs and THP-1 cells. Furthermore, tacrolimus effectively reduced the expression levels of pro-inflammatory cytokines and increased anti-inflammatory cytokines in LPS-induced keratitis in vitro. Notably, tacrolimus decreased the levels of proangiogenic factors, which are highly increased following LPS stimulation. Conclusively, tacrolimus appears to be a safe and effective treatment to suppress neutrophil and monocyte activity, modulate the balance of pro-/anti-inflammatory cytokines, and reduce the inflammatory response and angiogenic activity in LPS-induced bacterial keratitis.
Introduction
Microbial keratitis is a common ocular infection caused by bacteria, fungi, viruses or parasites and is the second most significant cause of monocular blindness, particularly in certain developing countries and, generally, in the tropics (1) . Clinically, this infection requires aggressive antimicrobial management to eliminate the causative organisms, suppress destructive reactions, and restore normal ocular structure and vision (2, 3) . However, despite timely and correct therapeutic strategies, infective keratitis remains clinically challenging, in which approximately 50% of eyes have poor visual outcomes (4, 5) , because conventional therapies, such as antibiotic treatment, often fail to control the tissue damage caused by excessive local inflammation, even if viable bacteria are cleared from the cornea (6) . Hence, in addition to antibiotic treatment, it is also important to develop new therapeutic modalities to control the inflammatory response in microbial keratitis.
The innate immune response is the first line of host defence that invading pathogens rely on for innate immune recognition through pattern recognition receptors (PRRs) (7) . The activation of PRRs initiates a variety of inflammatory events, including the infiltration of inflammatory cells (e.g., polymorphnuclear neutrophils [PMNs] and monocytes/macrophages), the production of pro-and anti-inflammatory cytokines (7), the interplay of cellular apoptosis vs. necrosis (8) , and causes immune cells to become refractory to subsequent endotoxin challenge a state known as endotoxin tolerance (9) . These PRR-mediated inflammatory responses are necessary for microbial clearance; however, if uncontrolled, excessive host inflammation also leads to immunopathological tissue damage (7) . Therefore, it is important to precisely balance proand anti-inflammatory responses in ocular immune defence.
Tacrolimus (FK506), a macrolide molecule that suppresses the activation of T cells, T helper cell-mediated B-cell proliferation and the formation of cytokines (10, 11) , the reports of its role on non-T cells is comparatively few but it has been reported that FK506 cannot control the cytokine production (20) showed that a high dose of FK506 promoted HEV infection. These studies together suggest that tacrolimus is a good immunoregulator in viral and fungal inflammatory responses. Furthermore, it has been reported that FK506 cannot control the cytokine production in non-T cells in cornea transplantation (12) while its role on non-T cells in bacterial keratitis remains unknown; however, its role in bacterial keratitis has few reports, especially its role on non-T cells, and many aspects remain unknown. Microbial keratitis induced by lipopolysaccharide (LPS), a well-characterized pathogen-associated molecular pattern found in the outer leaflet of the outer membrane of the bacteria, is a rapidly progressive infectious ocular disease (21) . Upon recognition of invading microbes by PRRs, inflammatory cells are recruited to the cornea to produce various pro-inflammatory cytokines (22) (e.g., IL-6 and IL-1β) and modulate anti-inflammatory cytokines (23) (e.g., IL-10 and TGF-β) to regulate antibacterial immunity (24) . However, if uncontrolled, these inflammatory mediators often elicit an overly robust response, resulting in bystander tissue damage. Thus, tight regulation of innate immune response, especially pro-inflammatory and anti-inflammatory responses, is critical for the resolution of LPS-induced bacterial keratitis (21) .
Tacrolimus downregulates inflammation by regulating pro-/anti-inflammatory responses in LPS-induced keratitis
With this background, the present study was aimed to explore the role of tacrolimus in LPS-induced bacterial keratitis. An in vitro study was designed to explore the histocompatibility and immunoregulation of tacrolimus in human corneal epithelial cells, PMN, and monocytes after LPS stimulation.
Materials and methods
Cell culture and isolation of human PMN. Human monocytic THP-1 cells (ATCC-TIB-202, Manassas, VA, USA) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA). A human corneal epithelial cell (HCEC) line was obtained from American Type Culture Collection (ATCC-CRL-11515; ATCC, Manassas, VA, USA). The cells were maintained in keratinocyte serum-free medium (GIBCO-BRL 17005-042; Gibco, Grand Island, NY, USA) supplemented with 0.05 mg/ml bovine pituitary extract, 5 ng/ml human recombinant epidermal growth factor, 0.005 mg/ml insulin, 500 ng/ml hydrocortisone, 100 IU/ml penicillin, 100 lg/ml streptomycin, and 0.125 lg/ml amphotericin B.
The fresh isolation of human PMN, using blood of 3 healthy male and 3 healthy female volunteers (ages 30-45), was performed as previously described with minor modifications (25) . In short, blood was diluted with cold HBSS (1:1), after which, gradient centrifugation was used to remove the lymphocytes. The remaining lowest layer containing PMN and erythrocytes was then suspended in cold lysis buffer to lyse the erythrocytes. The remaining pellet containing only PMN was suspended in HBSS, and the cells were counted using a Bürker chamber. Viability was evaluated using trypan blue dye exclusion (0.4%). Keeping all solutions and PMN on ice to prevent premature activation, this isolation method consistently yielded PMN with a viability >95%. The cells were cultured at 37˚C in a humidified atmosphere with 5% carbon dioxide. The culture medium was changed daily.
FK506 was firstly dissolved in Dimethylsulfoxide (DMSO) with a concentration of 10 mg/ml (1%), and then was incubated with culture medium containing FK506 at a final concentration of 0.1%.
Flow cytometry. Tacrolimus' role on the apoptosis of THP-1, HCEC and PMN was determined by flow cytometry, and each cell was divided into two groups: Group I was the control group and received no treatment; and group II received 0.1% FK506 (Sigma-Aldrich, St. Louis, MO, USA) for 24 h.
Cells were seeded at 5x10 5 cells/well in 12-well plates, and the Annexin V-fluorescein isothiocyanate Apoptosis Detection kit (BD Bioscience, CA, USA) was used according to the manufacturer's instructions. Briefly, cells were pooled, washed, and resuspended in 500 µl of binding buffer, followed by the addition of 5 µl of Annexin V-fluorescein isothiocyanate and 5 µl of PI. Then, the cells were incubated at room temperature in the dark for 15 min and analysed by flow cytometry (EPICS XL/MCL; Beckman Coulter Miami, FL, USA). Viable cells did not exhibit Annexin V or PI staining, early-apoptotic cells showed Annexin V but not PI staining, and late-apoptotic cells exhibited both Annexin V and PI staining. To each well, 20 µl of 5 mg/ml MTT solution in PBS (pH 7.4) was added. Following incubation for 3 h at 37˚C, the medium was aspirated, and the formazan crystals that had formed in the well were dissolved in 200 µl of DMSO. The absorbance of the dissolved formazan crystals in DMSO was recorded at 570 nm and used to estimate cell viability relative to control cells.
Real-time PCR.
We verified tacrolimus' role on LPS-induced inflammatory responses in THP-1, HCEC and PMN, in which each cell type was divided into three groups with a seeding density of 5x10 6 cells/well in 6-well plates: Group I was the control group that received PBS; group II received 5 µg/ml LPS (Sigma-Aldrich) for 8 h; and group III was incubated with 0.1% FK506 for 24 h before being treated with 5 µg/ml LPS for 8 h. Total RNA was isolated from cultured cells using TRIzol (Invitrogen) according to the manufacturer's recommendations and was quantified using a NanoDrop 2000C spectrophotometer (Thermo Scientific, West Palm Beach, FL, USA). One microgram of total RNA was reverse transcribed to produce cDNA, and the cDNA was amplified using SYBR-Green Master Mix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's instructions. Primers for human pro-inflammatory cytokines, such as IL-1β, IL-6 and MMP9, human anti-inflammatory cytokines, such as IL-10 and TGF-β, and human angiogenesis factors, such as VEGF and TNF-α were purchased from SABiosciences (Frederick, MD, USA), and the primer sequences are listed in Table I . Quantitative real-time PCR was performed using a CFX96 Real-Time PCR System (Bio-Rad Laboratories, Inc.). Relative gene expression levels were calculated after normalization to the internal control β-actin.
Statistical analyses. Unpaired, two-tailed Student's t test was used to determine the significance of the flow cytometry and MTT assays. Differences in the RNA expression levels of pro-inflammatory, anti-inflammatory and angiogenesis cytokines in the three groups were determined using the Mann-Whitney U test. The data were considered significant at P<0.05.
Results
The cytotoxicity of tacrolimus on HCEC. To confirm the safety of tacrolimus used in the in vitro experiment, HCEC were used to determine the biocompatibility using flow cytometry and MTT assays. The results demonstrated that tacrolimus had no obvious influence on apoptosis; early and late apoptosis in the control and tacrolimus groups showed no significant differences (P>0.05) (Fig. 1A) . After incubation for 8, 24 and 48 h, HCEC viability showed a slight reduction, with no significant difference (P>0.05) (Fig. 1B) . The results demonstrated that tacrolimus (FK506) had good biocompatibility in HCEC.
Tacrolimus increased apoptosis and decreased the viability of THP-1 and PMN cells.
To explore the role of tacrolimus on the proliferation of two main human inflammatory cells, 0.1% FK506 was added to THP-1 and PMN to analyse the apoptosis rate and cell viability compared with that of the control group. In PMN, flow cytometry ( Fig. 2A) showed that the early and the late-apoptosis rate was 50.2±1.02 and 35.9±3.71%, respectively, in the FK506 group after 24 h, which was significantly higher than that of the control group with 5.36±0.11% (P<0.05) and 18.66±0.27% (P<0.05). Moreover, we incubated cells without or with FK506 for 8, 24 and 48 h, and evaluation of cell viability revealed that FK506 had a significant inhibitory effect on cell viability, which correlated positively with the stimulation time (Fig. 2B) . In THP-1, for both early or late apoptosis, the rates in the FK506 group after 24 h, 88.43±0.23 and 2.71±0.12%, respectively, were greater than the rates in the control group, which had a high fraction of normal cells 96.04±0.03% and a low fraction of early (1.94±0.02%) (P<0.01) and late (1.88±0.01%) apoptotic cells (P<0.01) (Fig. 2C) . The control group displayed significantly higher cell viability at 8, 24 and 48 h than the FK506 group (P<0.001) (Fig. 2D) . Conclusively, FK506 raise the apoptosis's rates and reduced cell viability in THP-1 and PMN. 
Tacrolimus reduced pro-inf lammatory cytokines in LPS-induced inflammatory responses.
Based on the decreased apoptosis and cell viability in HCEC, THP-1 and PMN, we further evaluated tacrolimus' role on the pro-inflammatory cytokines in LPS-induced inflammatory responses. In HCEC with LPS, IL-1β, and IL-6 increased up to approximately 10 times, and MMP-9 to 20 times more than the control group (both P<0.001), while after the FK506 intervention, both expression levels obviously decreased (both P<0.05) (Fig. 3A-C) . In PMN, after incubation with LPS for 8 h, IL-1β, IL-6 and MMP9 showed a clear elevation (both P<0.001), while in the LPS + FK506 group, IL-1β reduced its expression to approximately one thirtieth of the LPS group (P<0.001), IL-6 was reduced by one third (P<0.01), and MMP9 was also lower than the LPS group (P<0.001) (Fig. 3D-F) . In monocytes, compared with the control group, pro-inflammatory cytokines also displayed a similar tendency to increase after stimulation with LPS; moreover, FK506 depressed the expression of IL-1β, IL-6 and MMP9 (both P<0.001) (Fig. 3G-I) . Therefore, we concluded that FK506 alleviated the expression of pro-inflammatory cytokines IL-1β, IL-6 and MMP9 induced by LPS.
Tacrolimus increased anti-inflammatory cytokines in LPS-induced inflammatory responses.
Furthermore, we detected the levels of the anti-inflammatory cytokines IL-10 and TGF-β in LPS-induced inflammatory responses. In HCEC, IL-10 and TGF-β showed mild elevation after LPS stimulation, and a more obvious significant upregulation could be observed in the LPS + FK506 group (both P<0.05) (Fig. 4A-B) . Compared with the control group, IL-10 and TGF-β levels gradually increased 4 to 5 times in the neutrophil LPS group (both P<0.001), then showed a continuous increase after treatment with FK506 (both P<0.05) (Fig. 4C-D) . For monocytes, LPS also improved the expression of IL-10 and TGF-β, and FK506 significantly enhanced their levels, where IL-10 was almost 2 times more in the LPS + FK506 group than the LPS group (P<0.001), and TGF-β was slightly higher than the LPS group (P<0.01) (Fig. 4E-F) . These results suggest that FK506 partially improved anti-inflammatory cytokine levels after the inflammatory cytokines were induced by LPS. angiogenesis factors. In HCEC with LPS, compared with the control group, VEGF increased approximately 70 times (P<0.001), which was then reduced to approximately 10 times after FK506 (P<0.001). TNF-α was slightly elevated in the LPS group (P<0.001), and then declined drastically in the LPS + FK506 group (P<0.001) (Fig. 5A-B) . Incredibly, compared with the control group, in PMN, VEGF levels increased rapidly by approximately 150 times in the LPS group (P<0.001), then significantly decreased to approximately 20 times by FK506 (P<0.001); in addition, TNF-α levels were also increased in the LPS group and decreased by FK506 (Fig. 5C-D) . With regard to monocytes, VEGF also exhibited an apparent upregulation after LPS (P<0.001) and doubled that of the control group. A slight enhancement was observed in TNF-α in the LPS group (P<0.001), which lessened to almost the same levels as the control group in the LPS + FK group (Fig. 5E-F) . Taken together, these results clearly demonstrated that the angiogenesis factors VEGF and TNF-α were markedly increased after LPS induction in HCEC, PMN and THP1 and that FK506 was partly effective in reducing these levels.
Tacrolimus lessened proangiogenic factors in LPS-induced inflammatory responses. VEGF and TNF-α are important

Discussion
In microbial keratitis, there is activation of the immune system, in which inflammatory cells are involved in the cornea's inflammatory response to microbial proliferation and invasion (26); these host reactions account for much of the oedematous, infiltrative, and necrotizing changes (27) . Both pro-inflammatory and anti-inflammatory processes involve chemoattractants, adhesion molecules, and other mediators (27) . However, this inflammatory response of the immune system is a double-edged sword in the host defence mechanism. On one hand, this response is the main approach that the immune system uses to eliminate pathogens, which is beneficial in protecting against microbial infection. On the other hand, overenthusiastic inflammation can be damaging, and persistent inflammation can lead to degeneration or tissue necrosis (28) . In fungal keratitis, a type of severe microbial keratitis, excessive inflammation is an important contributor to corneal damage during fungal infection. Our previous study demonstrated that tacrolimus exerted an obvious anti-inflammatory effect by not only reducing the infiltration of inflammatory cells but also suppressing the expression of pro-inflammatory cytokines in innate immune responses at an early stage of corneal fungal infection (21) .
In LPS-induced bacterial keratitis, the innate immune responses are important, not just for protecting the host during the period that adaptive responses are required to develop but also because they can influence the nature of the adaptive response (24, 29) . The interplay of these two systems also appears to participate in the host response to bacterial corneal infection (30) . Clinically, topical antibiotics are mandatory for the treatment of bacterial keratitis; moreover, the most widely used anti-inflammatory agents are corticosteroids, which can regulate the innate and adaptive immune responses by inhibiting leukocytes, downregulating pro-inflammatory cytokines, affecting metalloproteinase production, and modifying wound healing in the inflamed cornea (31) . However, topical corticosteroids have consistently been avoided by many clinicians for fear of causing immunosuppression, which would lead to neutrophil inhibition, accelerated bacterial replication and an exacerbated infection in acute inflammation (32, 33) . While clinically, even if the causative organisms are eradicated by antibiotics, the excessive inflammation would also deteriorate the clinical features; therefore, except for corticosteroids, exploring other adjuvant therapies for bacterial keratitis is important. In the present study, we studied the topical immunosuppressant tacrolimus to evaluate its role in modulating pro-/anti-inflammatory responses in LPS-induced bacterial keratitis.
Although the inhibitory mechanisms of tacrolimus have been extensively studied in T cells, little is known regarding the precise suppressive mechanisms of FK506 in non-T cells. We found that tacrolimus induced the apoptosis of PMN and monocytes, which was mainly early apoptosis. Among these two cell types, the early-and late-apoptosis rate of monocytes was consistent with Yoshino's report, which also determined that tacrolimus suppresses the function of macrophages and promotes their apoptosis (34) . Moreover, the results showed that both pro-and anti-inflammatory cytokines were activated, and demonstrated that the dynamic balance of pro-and anti-inflammatory responses proposed by Morris et al (35) was disrupted by LPS stimulation in innate immune responses. Then, tacrolimus exhibited its strong regulatory role on reducing pro-inflammatory cytokines and increasing anti-inflammatory cytokines. However, there is evidence that FK506 inhibits T-cell proliferation and T-cell-derived cytokines (36) , then modulates lymphocytes, producing less TNF-α and other cytokines, and finally inflammatory responses (18, 37) . Based on the results of our study, we speculate that tacrolimus may act not only on T cells but also on PMN and monocytes to modulate their proliferation and their production of inflammatory cytokines and inflammatory responses in LPS-induced inflammation or bacterial keratitis. It is interesting to find that only part and not all of the expression levels of pro-and anti-inflammatory cytokines were modulated by tacrolimus in LPS-induced keratitis, which hints at other pathways other than only innate immune responses participating in this inflammatory activity. Therefore, future research should focus on simultaneously modulating the innate and adaptive immune systems to determine the inflammatory responses in LPS-induced keratitis.
Another important finding in our study is that tacrolimus can reduce LPS-induced angiogenesis in vitro. Published reports have demonstrated that LPS leads to the upregulation of VEGF and promotes angiogenesis (38) and that systemic and topical administration of tacrolimus may be beneficial in the prevention of corneal neovascularization because of its effect on VEGF (39, 40) . Our study first verified that VEGF and TNF-α were significantly elevated after LPS stimulation in HCEC, PNM and THP-1 and that tacrolimus effectively reduced the expression of VEGF and TNF-α in LPS-induced inflammation or bacterial keratitis. As LPS stimulate macrophages mediators and increase the levels of TNFα through attenuate both FAK and Src activation in osteoblast, which Calcineurin FAK and Src may have been functionally formed a complex (41, 42) . A possible mechanism in the prevention of VEGF by FK506 in bacterial keratitis might be via the suppression of inflammatory cells and/or a decrease in the levels of the cytokines regulating inflammation (39) .
Furthermore, as tacrolimus has not only been regarded as systematic administration (43), but also has been used to suppress immune reactions in chronic disorders, including corneal and limbal transplants, allergic eye disease and uveitis as a long-term use medicine (17) , it is thus necessary to confirm the safety of tacrolimus. In our study, 0.1% FK506 has been demonstrated to be safe in vitro, and no negative influence on apoptosis and cell viability in HCEC was observed. Cell viability was evaluated along with apoptosis, and the results revealed that 0.1% FK506 had good biocompatibility, with no toxic effects on HCEC. Therefore, ophthalmic tacrolimus is a welcome addition to the therapeutic armamentarium for these corneal and ocular surface diseases, particularly in light of its excellent efficiency and safety profile.
Conclusively, tacrolimus appears to be a safe and effective treatment to suppress the activity of PMN and monocytes, modulate the balance of pro-/anti-inflammatory cytokines, and reduce the inflammatory response and angiogenic activity in LPS-induced bacterial keratitis. Further studies should focus on the specific mechanism of tacrolimus's role in modulating LPS-induced keratitis, and animal models should be used to explore the effects of antibacterial drugs combined with tacrolimus. Further, our study provided references and evidence that FK506 might be a promising adjuvant alternative, together with antibiotics, in treating LPS-induced or bacterial keratitis.
